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A method for analyzing cambered bodies has been incorporated into Missile Datcom.  Existing 
methods based on mean line theory, slender body theory, viscous crossflow theory were assessed.  
They were compared with wind tunnel data from subsonic to supersonic speeds for cambered 
bodies with axi-symmetric cross-sections.  The comparison cases consisted of three configurations 
with discrete camber changes (deflectable nose missile) and twelve configurations with 
continuous camber changes.  A combination of slender body and viscous crossflow theory was 
found to provide the best agreement with experimental data. 

 
Nomenclature 

 
Cmac = Pitching moment coefficient at zero lift 
Cmo = Pitching moment coefficient at zero angle of attack 
CNo = Normal force coefficient at zero angle of attack 
Cp = Pressure coefficient 
l = Body length 
lref = Reference length for pitching moment 
Sref = Reference area 
Splan = Body planform area 
R = Body radius 
U = Freestream Velocity 
x = Longitudinal position of body mean line 
xref = Longitudinal position of moment reference center 
z = Vertical position of body mean line 
α0L = Angle of attack for zero lift 
φ = Velocity potential 
 

I Introduction 
Missile Datcom1 is a widely used engineering-level code that uses the component buildup technique to predict 

vehicle aerodynamics.  Both theoretical and empirical methods are included that encompass the entire speed regime 
from subsonic to hypersonic.  The program has been shown to provide excellent agreement with experimental data 
for a variety of configurations2,3.  From the initial 11/85 version of the code to the 9/02 release, only uncambered 
bodies of circular or elliptic cross-section could be defined.  The code is currently being applied to various types of 
re-entry vehicles4, many of which have significant nose camber for thermal protection.  To provide improved results 
for these types of configurations, a cambered body method has been incorporated into the code.  Deflectable noses 
have also been studied as pitch control devices for conventional missiles5, and a cambered body method would 
allow for evaluation of these configurations as well.  Two existing cambered body methods were compared.  The 
first, from mean line theory6, was found to provide mixed agreement compared to test data.  The second, from on 
slender body theory7, provided better agreement with data but accuracy was degraded for bodies with discrete 
camber changes.  Adding an increment for the viscous crossflow contribution improved the results for these bodies. 
 
 

II Methods Assessed 
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Mean Line Theory 
The first method examined is taken from the Digital Datcom computer program.  Digital Datcom uses a 

method adapted from thin airfoil theory to compute the angle of attack for zero lift and zero lift pitching moment for 
a cambered body.  This method is based on the shape of the mean line only, and is independent of the cross-
sectional area distribution of the body.  The equations, as given in the Program Implementation Guide6, are: 
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Initial application of these equations gave extremely poor results, so their origin was investigated.  Mean line theory 
assumes that the leading and trailing edges are connected by a straight line (the “chord” line), and that the camber 
variation, z(x), is the deviation of the actual shape from that line.  This makes z(0)=z(l)=0 and places the reference 
line at zero angle of attack.  As coded in Digital Datcom, no adjustment is made to camber lines that do not satisfy 
the z(0)=z(l)=0 condition.  The method was revised to rotate the user input to match this condition, and then subtract 
the resulting incidence from the final result.  In addition, the pitching moment equation differs from that given by 
thin airfoil theory in several respects.  The result given by Keuthe and Schetzer8 is: 
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The Digital Datcom result includes a correction term for the reference area and length, and neglects the zero lift 
angle of attack term.  It gave extremely large pitching moments that were presumed to come from the reference area 
correction, the justification of which is unknown.  The pitching moment equation was revised to match the Keuthe 
and Schetzer result with only the reference length correction included.  The upper limits of the integrals were set to 
0.98 instead of 1 to avoid the trailing edge singularity.  Results for a NACA 4412 airfoil were generated to verify 
the coding.  The computed results for angle of attack for zero lift and zero lift pitching moment were -3.6 deg and -
0.090 respectively, which compare very well with the experimental values8 of -3.9 deg and -0.095. 
 
Slender Body Theory 

The second method examined is based on slender body theory and was taken initially from the Low 
Observable Design Synthesis Tool (LODST)7.  This method was developed for arbitrary bodies and approximates 
the cross-section at each body station with a polygon consisting of a set of straight line segments.  The method was 
found to give good results for configurations with smoothly varying camber but unpredictable results for bodies 
with abrupt slope changes or long afterbodies.  The discrepancies were traced to the way the program calculates the 
geometry used internally from the user inputs.  After numerous attempts to correct the problem were unsuccessful, a 
revised subroutine was written based on the slender body theory given by Liepmann and Roshko9.  This gave either 
the same or better results than the LODST method and was more robust to changes in body geometry definition.  
The normal force of a body of revolution is given by: 
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The pressure coefficient is obtained by differentiating the velocity potential: 
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Only the first term contributes to normal force.  To assess variable camber, the angle of attack is replaced by the 
local slope of the body camber at the mean line (ε): 
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The above result was also arrived at by Beane and Durgin10.  The first integral in Eq. [13] represents the lift of an 
uncambered body having the same radius distribution and basic angle of attack as the cambered body, and can be 
evaluated directly.  The second and third integrals represent the incremental lift due to camber.  If the second 
integral is integrated by parts, one of the two resulting terms exactly cancels the third term, leaving (for a pointed 
body): 
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This is the classic result from slender body theory that “the force depends only on the base configuration and angle 
of attack and is independent of the forward shape”.11  This means that zero normal force will result from a 
cambered nose with mounted on an uncambered afterbody.  The pitching moment is given by: 
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The reference angle of attack (αo) is assumed to be zero for the present application. 
 
Viscous Crossflow Theory 

The viscous crossflow theory of Allen12 can also be applied to cambered bodies, although its contribution is 
negligible unless the local body slope is significant, because the cross-force is proportional to sin2(ε).  In contrast to 
the slender body result, it gives a non-zero contribution for cambered configurations with an uncambered afterbody.  
The viscous contribution is given by: 
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The reference angle of attack (αo) is assumed to be zero for the present application.  The cross flow drag coefficient 
is a function of the cross flow Mach number, which is very small for most cambered bodies at zero angle of attack, 
and changes for bodies with variable camber.  Given this, and the approximate nature of this theory, a value of 1.2 
was assumed for the cross flow drag coefficient.  The proportionality factor η is a function of both Mach number 
and fineness ratio and was obtained from existing Missile Datcom tables. 
 

III Results 
Comparisons between the various methods and experimental data for a variety of cambered bodies will be 

shown.  Most of the results shown will be normal force and pitching moment at zero angle of attack.  At low to 
moderate angles of attack, adding camber to a body typically just shifts the normal force and pitching moment 
curves by a constant increment.  As implemented in the Missile Datcom code, only these increments are predicted, 
and the results are added to the Missile Datcom prediction for the basic (uncambered) body.  Second order effects 
such as the modified forebody vortex structure are ignored. 
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For the majority of the cases, adding the viscous crossflow contribution to either of the potential flow methods 
slightly improved the results.  As a result, only two sets of predictions will be shown for each configuration, a 
combination of mean line theory and viscous crossflow theory, which will be denoted by “MLT”, and a 
combination of slender body theory and viscous crossflow theory, which will be denoted by “SBT”. 

 
Mean line theory provides zero lift angle of attack, not lift at zero angle of attack.  Mean line theory results for 

normal force at zero angle of attack were computed using the slender body theory derived lift curve slope: 

LNC 00 2α−=                [17] 
The zero lift angle of attack includes the rotation of the body back to its original orientation (from z(0)=z(l)=0).  
Mean line theory pitching moment at zero lift was computed using the pitching moment slope from slender body 
theory: 

Lmmacm CCC 00 αα−=              [18] 
 
NASA TMX-56 
 
Gapcynski13 tested four bodies with varying types of camber at a speed of Mach 2.01.  The bodies consisted of a 
five caliber tangent ogive nose on a cylindrical afterbody of equal length (Fig. 1).  Body 2 used a deflectable nose 
with the nose drooped four degrees relative to the uncambered afterbody.  Body 3 had a circular arc camber line 
with a maximum camber of 2.6% body length at the midpoint.  Body 4 had the same nose camber as body 3 with the 
afterbody cambered upward instead of downward, with the center of the base higher than the apex by 5.2% body 
length.  The moment reference center was at 50% of the body length, the reference length was the overall body 
length. 

     
Figure 1.  NASA TM X-56 Cambered Body Configurations. 

 
Predicted values for normal force and pitching moment at zero angle of attack are compared with the test data in 
Figures 2 and 3.  The SBT results are superior to the MLT results for all configurations for both normal force and 
pitching moment. 
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           Fig 2.  TMX-56 Normal Force Comparison    Fig 3.  TMX-56 Pitching Moment Comparison 
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NASA TMX-270 
 
Riley5 gives results for a deflectable nose on a wingless missile (Figure 4) at a Mach number of 3.11.  The nose 
consisted of a 3 caliber cone mounted on a 7 caliber cylindrical afterbody.  The moment reference center was at 
50% of the body length, the reference length was the body diameter.  A series of tail fins and a flare were tested 
with and without nose deflection, and it was found that the incremental effect nose deflection was not changed by 
their presence. 

 
Figure 4.  NASA TM X-270 Deflectable Nose Configuration. 

 
Predicted values for normal force and pitching moment at zero angle of attack are compared with the test data in 
Figures 5 and 6.  The data were taken from relatively small plots, the maximum accuracy is 0.05 at best for both 
parameters.  Both methods agree with each other, and underpredict both normal force and pitching moment.  
Although some of the discrepancy may be due to interference between the tail and nose vortices, this cannot be the 
major contributor since any added force on the tail would provide a moment of the opposite sign, which is 
inconsistent with the error in the predictions. 
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           Fig 5.  Effect of Nose Deflection on Normal    Fig 6.  Effect of Nose Deflection on Pitching  
                      Force, NASA TMX 270.                                                      Moment, NASA TMX-270. 
 
 
ASD TR 61-295 
 
Beane and Durgin10 give results for two cambered bodies that were tested in an investigation of aeroelastic effects 
on hypersonic stability and control.  Two rigid models were constructed with camber distributions representative of 
bending modes of a high fineness ratio missile configuration (Figure 7).  The actual deformations are much smaller 
than depicted in this figure.  The reference body is 18 inches long with a 7.5 inch conical nose and a 1.5 inch 
diameter cylindrical afterbody.  Forces and moments were obtained by integrating pressures that were measured at 
13 stations along the body.  Data for the isolated bodies without canards or wings are only given at Mach 3.  The 
moment reference center was at the nose. 
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Figure 7.  ASD TR 61-295 Cambered Body Configurations 

 
Figure 8 presents the normal force distribution measured on body B1 and corresponding predictions from SBT.  The 
individual terms in the SBT analysis are identified as dashed curves.  Overall the agreement is good except for the 
spike at the cone-cylinder junction, 5 calibers aft of the nose.  Only the nose contributes to the dR/dx term (see Eq. 
13) while the entire body contributes to the dε/dx term due to the continuous curvature.  In the nose region, these 
terms have opposing contributions and the sum is well predicted except at the juncture.  Figure 9 presents a similar 
result for body B2.  Here, the dR/dx and dε/dx terms are additive at the nose, with the dR/dx term dominating, while 
only the dε/dx term contributes aft of the cone-cylinder juncture.  The dε/dx term reverses sign between bodies B1 
and B2 due to the change from convex to concave curvature on the nose.  The agreement is good everywhere except 
immediately aft of the juncture. 
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           Fig 8.  SBT and Measured Load Distributions    Fig 9.  SBT and Measured Load Distributions 
                      Body B1, M=3                                                                     Body B2, M=3. 
 
Predicted values for normal force and pitching moment at zero angle of attack are compared with the test data in 
Figures 10 and 11.  SBT is superior to MLT although both methods over-predict normal force for Body B2. 
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           Fig 10.  TR 61-295 Normal Force Comparison    Fig 11.  TR 61-295 Pitching Moment Comparison 
 
NASA TN D-2389/TN D 2622 
 
Spencer and Phillips14,15 give results for a series of cambered forebodies with varying ellipticity at transonic and 
supersonic speeds.  The upper surface of the bodies was flat with the lower surface defined by a 2/3 power law 
(Figure 12).  Normal force and pitching moment results are presented for two nose fineness ratios, 3 and 7.  Only 
results for the circular cross-section bodies will be presented here. 
 

 
Figure 12.  NASA TN D-2389/TN D-2622 Cambered Body Configuration 
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         Fig. 13.  Effect of Mach number on Normal Force      Fig. 14.  Effect of Mach number on Pitching Moment 
                       NASA TN D-2389/2622                                                   NASA TN D-2389/2622 
 
Figure 13 compares prediction with data for the normal force at zero angle of attack.  The data do not vary 
significantly with Mach number, which both methods support.  The lower fineness ratio nose has a higher effective 
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incidence, resulting in increased normal force at zero angle of attack.  While the predictions are higher than the data 
for both configurations, the SBT predictions are closer to the data than the MLT predictions.  Figure 14 compares 
the pitching moment results.  Again, the data do not vary significantly with Mach number.  The SBT predictions are 
very good in both cases, while the MLT predictions are high by a factor of two.  The variation in the predicted 
values with Mach number arises from the viscous crossflow contribution. 
 
NASA TP 2206 
 
Shrout and Covell16 give results for a series of cambered noses attached to a cylindrical afterbody (Figure 15).  This 
was a study of the effect of nose droop on a fuselage typical of a modern fighter. 

  
 

Figure 15.  NASA TP 2206 Cambered Body Configurations 
 
All noses were of the same fineness ratio and drooped in 4 degree increments from zero droop (flat upper surface) 
to 20 degrees downward (highly cambered).  All changes in body radius and camber were continuous.  Their results 
are plotted vs lift coefficient instead of angle of attack, and a summary plot of zero lift pitching moment vs Mach 
number is given in the report.  The data from this plot are compared to SBT for all of the noses tested in Figures 16 
and 17.  Normal force results are mixed, with the data showing a much larger variation with Mach number than the 
prediction.  The pitching moment results are very good, and except for the most highly cambered noses, the data are 
effectively independent of Mach number.  Large losses in lift at supersonic speeds were found for Configuration 6 
that the authors attributed to flow separation due to the extreme amount of droop.  MLT results for these 
configurations were poor and are not shown. 
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         Fig. 16.  Effect of Mach number on Normal Force      Fig. 17.  Effect of Mach number on Pitching Moment 
                       NASA TP 2206                                                                 NASA TP 2206 
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The results thus far indicate that the SBT method is superior to the MLT method, so the SBT method was 
incorporated into the Missile Datcom source code (Subroutine CAMBOD) and the cases were re-analyzed to verify 
the coding.  Subroutine CAMBOD is called after the aerodynamic predictions of the basic, uncambered body have 
been generated, computes the incremental normal force and pitching moment due to camber, and adds the result to 
the uncambered case.  After the code modifications were complete, the updated code was sent to the Army Aviation 
and Missile Command, Huntsville AL, who were undertaking a parallel effort16 to improve the code in other areas.  
The Army conducted an independent test of the cambered body method using a database they had recently 
generated on a deflectable nose missile.  The results are shown below. 
 
AIAA 2003-3805 
 
Landers et al18 give results for a missile with a deflectable nose at Mach number of 3 and 6 (Figure 18).  The nose 
was a 0.70 power law shape of fineness ratio 4.  The configuration also included eight low aspect ratio tail fins, and 
had the moment reference center at 0.50 body length. 
 

 
Figure 18.  AIAA 2003-3805 Deflectable Nose Comparison 

 
The predicted variation of normal force with angle of attack for zero, four and eight degrees of nose deflection is 
shown in Figures 19 and 20 for Mach numbers of 3 and 6.  The offset due to camber at zero angle of attack is very 
well predicted by the code (SBT method) at both Mach numbers.  At Mach 3, the code underpredicts the normal 
force as angle of attack increases.  At Mach 6, the results are better and the data indicate the incremental effect of 
camber is invariant with angle of attack. 
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     Fig. 19.  Effect of Nose Deflection on Normal Force    Fig. 20.  Effect of Nose Deflection on Normal Force 
                    Mach=3, AIAA 2003-3805                                                 Mach=6, AIAA 2003-3805 
 
The predicted variation of pitching moment with angle of attack for zero, four and eight degree nose deflections is 
shown in Figures 21 and 22 for Mach numbers of 3 and 6.  The results are similar to the normal force correlations, 
with the offset due to camber at zero angle of attack very well predicted and the variation with angle of attack not as 
well predicted.  At the higher Mach number, the incremental moment due to camber is almost constant, while the 
increment at the smaller Mach number is non-linear, especially for the largest nose deflection. 
 

 
American Insititute of Aeronautics and Astronautics 

9



0 2 4 6 8 10

Angle of Attack, deg

-4

-3

-2

-1

0

1

2

3

4
P

itc
hi

ng
M

om
en

tC
oe

ffi
ci

en
t,

C
m

δ=0

δ=4

δ=8

   

-4

-3

-2

-1

0

1

2

3

4

0 2 4 6 8 10

P
itc

hi
ng

M
om

en
tC

oe
ffi

ci
en

t,
C

m

δ=0

δ=4

δ=8

Angle of Attack, deg  
   Fig. 21.  Effect of Nose Deflection on Pitching Moment  Fig. 22.  Effect of Nose Deflection on Pitching Moment 
                 Mach=3, AIAA 2003-3805                                                 Mach=6, AIAA 2003-3805 
 
Additional Modifications 
 
The axial force due to inlets or fins that are not symmetrically arranged around the body also contribute to pitching 
moment at zero angle of attack.  Although the inlet contribution was already calculated in Missile Datcom, the fin 
contribution was not, so this has been added (Subroutines SYTNHS). 
 

IV Conclusion 
A method for analyzing cambered bodies has been incorporated into Missile Datcom.  Two existing methods were 
evaluated, one based on slender body theory and one based on mean line theory.  The addition of a contribution due 
to viscous crossflow improved the predictions for both methods.  The methods were compared against wind tunnel 
data from subsonic to supersonic speeds for cambered bodies with axi-symmetric cross-sections.  Comparison cases 
consisted of three configurations with discrete camber changes (deflectable nose missiles) and eleven configurations 
with continuous camber changes.  The combination of slender body theory with a viscous crossflow contribution 
was found to compare more accurately with experimental data and was incorporated into Missile Datcom. 
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